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Abstract 
Experimentally found kinetic values (pseudo-first order rate constants) for the reaction of CO2 in 
different types of aqueous amines using stopped-flow technique were compared at 303.15 K.       
(Primary amines –1-amino-propanol(1-AP),3-amino-propanol(3-AP),Ethylaminoethanol(EAE); 
Secondary amines–Ethylene diamine(EDA),1,3-diamino propane(DAP),2-(amino ethyl)ethanol 
amine (AEEA);Cyclic amine–Piperazine;Poly amine–N-(2-aminoethyl)-1,3-propane diamine).It 
was observed that polyamines and cyclic amines are having higher reaction rate than primary, 
and secondary amines. Therefore, the kinetics of the reaction of carbon dioxide with six cyclic 
amines)) in aqueous solutions has been studied at (298.15 to 313.15) K over a concentration 
range of (20 to 120) mol·m
-3
 using the stopped-flow technique.(Piperazine (PZ),1-methyl 
piperazine (1-MPZ),2-methyl piperazine (2-MPZ),1-ethyl piperazine (1-EPZ),N-(2-
hydroxyethyl) piperazine (1-HEPZ) and 3-morpholino propyl amine (3-MOPA).PZ has the 
highest reaction rate and 1-MPZ has the lowest. The trend of reaction rates are given as (PZ>2-
MPZ>1-EPZ> 3-MOPA>HEPZ>1-MPZ).All the studied cyclic amines were found to have 
fractional reaction order with respect to amine varying from 0.9 to 2.43.Termolecular mechanism 
and Zwitterion-mechanism were used for calculating the rate parameters by fitting the 
experimental data. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
For capturing and separating CO2 from flue gases of fossil fuels to prevent global warming by 
the green house effect, various technologies are available [1].Compared to other processes, CO2
capture by chemical absorption using aqueous solution of amine based absorbents was found to 
be the most viable solution. But this technology of CO2 absorption using absorber and stripper 
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units needs to overcome the challenge of reducing the energy, the environmental impact and the 
capture cost. Finding a better solvent is the path to solve these issues. High cyclic capacity, fast 
absorption rate, high equilibrium temperature sensitivity and low enthalpy of absorption are the 
factors to be consider to select the best solvent. Both capital and operating costs of the CO2
capture depend on the CO2 absorption and desorption rates. Solvents having fast reaction rates 
can reduce the packing required in both the absorber and stripper. Energy in the stripper can be 
saved by faster solvents and by achieving a closer approach in equilibrium in the absorber. 
Kinetic experiments were conducted for various primary, secondary and tertiary amines with 
CO2 to find out the faster solvents and have been published in the literature since 1960, and they 
were reviewed by Blauwhoff et al. [2] and later by Versteeg et al.[3] and recently by Vaidya et 
al.[4].In this work, the well established stopped-flow experiments were used to screen the 
various types of amines (primary, secondary, tertiary, cyclic and poly amines) based on their  
kinetic results in aqueous solutions at (298 to 313) K over a concentration range of (20 to 120) 
mol·m
-3
.
2. Experimental 
Using a standard stopped-flow technique the rate of homogeneous reaction between aqueous 
solutions of CO2 and amine was measured. The concentrations of the products as function of 
time were measured by a conductivity cell. Figure 1 shows the equipment and the details can be 
found elsewhere [5].All the parts of the flow circuit were maintained at constant temperature by 
thermostat within  K. All amines used in this work were purchased from Sigma Aldrich 
Chemical Co. and were used without further purification. The pseudo first-order rate constant of 
the aqueous solution of EDA obtained in this work, are compared with published data [5] in 
Figures 2. A reproducibility of 4% and an estimated uncertainty of 5% were observed when 
compared to the published data. 
Figure 1. Schematic diagram of stop-flow instrument
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Figure 2. Effect of EDA concentrations on pseudo first-order rate constants (ko)
3. Reaction Kinetics 
The reaction of CO2 with primary, secondary and sterically hindered amines is generally 
explained by the zwitterion mechanism, whereas the reaction with tertiary amines is illustrated 
by the base-catalyzed hydration of CO2.These mechanism have been discussed frequently in the 
literature. The zwitterion mechanism was suggested by Caplow [6] from the conclusion that the 
reaction between CO2 and the amine [Am] follow two-steps. Initially there is a formation of an 
intermediate zwitterions and then it undergoes deprotonation by bases resulting in carbamate 
formation. 
                                                                                                 (1) 
                                                                                     (2) 
According to the steady-state principle to the intermediate zwitterion, the rate of reaction of CO2
in aqueous solutions can be described as: 
     where                                         (3)
where kB denotes deprotonation of the zwitterion by any base, such as [H2O], [OH-] or [Am], as 
well as by a mixture of bases. The reaction rate by this mechanism displays a fractional order 
between one and two with respect to the amine concentarion.  
When zwittertion formation is considered as rate-determining step (i.e.), the 
deprotonation of zwitterion is instantaneous as compared to the reverse reaction, then equation 
(4) becomes: 
                                                                                                 (4)
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When the zwitterion deprotonation is the rate-determining step (i.e.), the deprotonation of 
zwitterion is slower as compared to the reverse reaction, then equation (4) becomes: 
                     (5) 
In case of aqueous system:  and
where waterk  is the rate constant for uncatalyzed reaction between CO2 and water and can be 
determined by the correlation used by Pinsent et al [7], OHk is the rate constant for uncatalyzed 
reaction between CO2 and OH
-
 and can be estimated using correlation proposed by Pinsent et al 
[7]. 
The reaction rate of termolecular mechanism is second order with respect to amine and is 
similar to the rate expression derived from mechanism proposed by Crooks and Donnellan [8] 
for amine bonding to CO2 and proton transfer taking place simultaneously: 
                                                                                              (6) 
The product formed by this mechanism believed to break up to form reactant molecules, but 
fraction of the product reacts with a second molecule of the amine or a water molecule to give 
ionic products. This mechanism was reinvestigated by da silva and Svendsen [9] and concluded 
that the reaction proceeds in single step via a loosely-bound encounter complex intermediate.                     
The reaction of CO2 with OH
-
 may have a significant contribution to the observed 
reaction rate. In some literatures, the contribution of OH
-
to zwitterion dissociation is neglected 
and in some others, the contribution of OH
-
 to zwitterion dissociation is included. In this work 
OH
-
 ions contributions are calculated using the relations given by Astarita et al. [10]: 
<10-3                                                                                                                                                          (7)
Where  is the CO2 loading in amine solution, which always low in stopped-flow experiments. 
The value of Kw was estimated based on the correlation of Barth et al. [11] and the values of Kp
for each amine were estimated using the experimental pKa values. pKa values were taken from 
Khalili et al. [12].Temperature dependent correlations for these dissociation constants are given 
in table 1. All experimental data were correlated with Equations (3), (4), and (5).The equation 
having better AAD % (Percentile Absolute Average Deviation) and R
2
 was chosen to interpret 
the mechanism of the reactions. 
Table 1. Dissociation constants for aqueous cyclic amine systems 
pKa  ln Kp=A+B/T Kp at  
298.15 K T (K) 298.15 303.15 308.15 313.15 323.15 A B 
1-EPZ* 9.20±0.02 9.08±0.02 8.93±0.06 8.72±0.06 -7.327 -4128 6.38E-10
1-MPZ*  9.14±0.03 8.99±0.02 8.79±0.03 8.65±0.05 -6.586 -4293 7.70E-10
PZ* 9.73±0.02 9.66±0.03 9.39±0.05 9.17±0.03 -5.232 -5135 1.77E-10
2-MPZ* 9.57±0.02 9.46±0.03 9.16±0.05 8.97±0.03 -3.65 -5483 2.68E-10
3-MOPA+  9.98±0.02 9.73±0.03 9.58±0.03 9.51±0.05 -0.307 -6730 1.16E-10
HEPZ * 9.09±0.03 8.95±0.04 8.75±0.05 8.63±0.02 -7.25 -4061 8.63E-10
*
 values taken from Khalili et al.[12] ;
 + 
values measured in this work 
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4. Results and Discussion 
In this work experimentally found kinetic (pseudo-first order) rate constants using a 
stopped-flow technique for different types of amines  (Primary amines : 1-amino-propanol (1-
AP),3-amino-propanol,Ethyl amino ethanol (EAE); Secondary amines : Ethylene diamines 
(EDA),1,3-diamino propane (DAP),2-(amino ethyl)ethanol amine (AEEA);Cyclic amine – 
Piperazine; Polyamine : N-(2-aminoethyl)-1,3-propane diamine) were compared at 303.15 K 
over a concentration range of (20 to 120) mol·m
-3
.It was observed that polyamines and cyclic 
amines are having higher reaction rate than primary, secondary and tertiary amines. The trend 
(Figure-3) of the reaction flow like (polyamine>cyclic amine>primary amines>secondary 
amines).CO2 absorption rate increased with increase in -NH groups in the amines. Cyclic amines 
are more suitable for CO2 capture than polyamines due to their lower molecular weights and high 
absorption rates. Higher second order rate constants for polyamines and cyclic amines mean that 
deprotonation reaction of carbamates were very fast in these amines. Increase in –OH groups in 
amines decreases the rate of the reaction due to their electron withdrawing effect and tendency to 
form intramolecular hydrogen bonding. Increase in –CH3 and –CH2 groups increases the rate of 
the reaction due to their electron donor effect to the nitrogen atom. 
Figure 3. Comparison of pseudo-first order rate constants (ko) for CO2 absorption reaction of 
various amines at 303.15 K 
From the kinetics of the reaction of CO2 with six cyclic amines in aqueous solutions have 
been studied at (298.15 to 313.15) K over a concentration range of (20 to 120) mol·m
-3
.Figure 4 
represents the pseudo-first order rate constants for the six studied cyclic amines at 303.15 K. All 
the studied cyclic amines were found to have fractional reaction order with respect to amine 
varying from 0.9 to 1.9. PZ has the highest reaction rate and 1-methyl piperazine has the lowest. 
The trend of reaction rates are given as (PZ>2-MPZ>1-EPZ>3-MOPA>HEPZ>1-MPZ).PZ is 
widely used as an additive (low concentrations) to conventional solvents such as N-
methyldiethanolamine (MDEA) or AMP (2-amino-2-methyl-1-propanolamine) because of its 
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high acid gas loading capacity and reaction rate. Aqueous 2-MPZ has an absorption rate similar 
to aqueous piperazine, but both PZ and 2-MPZ are  solid nature at room temperature.1-MPZ,1-
EPZ,HEPZ and 3-MOPA  have reaction rates similar to primary and secondary amines [in the 
region of 0-1000 s
-1
). 
Figure 4. Comparison of pseudo-first order rate constants for CO2 absorption reaction of six 
studied cyclic amines at 303.15 K 
 All experimental data for six cyclic amines were fitted with power law kinetics to 
determine the order of the reaction and with equations 3, 4 and 5 to determine the second order 
rate and the mechanism of the reaction with CO2. Second order reaction rate constants obtained 
by various researchers using different equipments and concentrations are listed in Table 2. The 
calculated second order reaction constants for piperazine (PZ) are listed in Table 3 with their 
statistical anaylsis. It can be observed that equation 3 corresponding to the ziwtterion mechanism 
and the equation 5 corresponding to the termolecular mechanism fit the data better than equation 
4.This confirms that zwitterion deprotonation is the rate-determining step and the deprotonation 
of zwitterion is slower as compared to the reverse reaction. Table 4 lists the order of the 
reactions, second order reaction rate constants and activation energies of the studied cyclic 
amines, which are corresponds to the mechanism which fit the experimental data. Activation 
energies and the temperature dependence of the second order reaction rate constants were 
calculated using an Arrhenius- relation. 
 Table 2. Literature data for aqueous solution of the Piperazine-CO2 System 
 
Investigators 
[PZ]  
(mol.m-3) 
k2 
(m3·mol-1·s-1) 
at 298 K 
 
Experimental Method 
Bishnoi and Rochelle [13] 200 and 600 53.7 Wetted wall column 
Sun et al. [14] 200-1000 21.27* Wetted wall column 
Derks et al. [15] 600-1500 71 Stirred cell reactor 
This work 20-50 16.7 Stop flow technique 
    * Calculated from Arrhenius equation  
A.V. Rayer et al. / Energy Procedia 4 (2011) 140–147 145
 Author name / Energy Procedia 00 (2010) 000–000 7
 Table 3. Second order reaction constants for aqueous piperazine (PZ) solutions 
Table 4. Second order reaction constants for aqueous cyclic amine solutions 
Eq Parameters T (K)298.15 303.15 308.15 313.15
3 
k2 (m3 mol1 s1) 16.7 18.7 20 34.04 
ka (m6 mol2 s1) 1.32E+01 1.94E+01 4.91E+01 5.49E-09
kw (m6 mol2 s1) 2.29E-09 4.26E-09 7.74E-10 1.16E-03
kOH- (m6 mol2 s1) 1.45E-01 3.50E-01 6.05E-02 1.97E-03
R2 0.9915 0.9973 0.9996 0.9989
AAD% 5.20 2.68 0.93 1.92 
4 
k2 (m3 mol1 s1) 16.67 18.61 19.95 22.24 
R2 0.9896 0.9962 0.9994 0.9988
AAD% 7.50 4.18 1.53 1.98 
5 
ka (m6 mol2 s1) 2.09E-10 1.33E-10 4.31E-11 2.29E-11
kw (m6 mol2 s1) 2.12E-04 2.78E-04 3.35E-04 4.03E-04
kOH- (m6 mol2 s1) 2.40E+03 1.55E+03 6.75E+02 4.85E-05
R2 0.9999 1 1 0.9991
AAD% 0.59 0.37 0.13 1.73 
Structure 
Order of 
Reaction and 
Mechanism 
Rate Expressions
k2 (m
3·mol-1·s-1) 
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6·mol-2·s-1) 
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5. Conclusions 
 Screening of primary, secondary, poly and cyclic amines was performed using stopped-
flow technique at 303.15 K over a concentration range of (20 to 120) mol·m
-3
.Polyamines and 
cyclic amines have higher pseudo first order reaction rate compared to secondary and primary 
amines. Therefore, six cyclic amines were studied at 298.15-313.15 K over a concentration range 
of 20-120 mol·m
-3
.PZ has the highest reaction rate and 1-MPZ has the lowest. The trend of 
reaction rates are given as (PZ>2-MPZ>1-EPZ> 3-MOPA>HEPZ>1-MPZ).All studied cyclic 
amines were found to have fractional reaction order with respect to amine varying from 0.9 to 
1.9. Termolecular mechanism and Zwitterions-mechanism were used for calculating the rate 
parameters by fitting the experimental data. Higher second order rate constants for polyamines 
and cyclic amines mean that deprotonation reaction of carbamates were very fast in these 
amines. Aqueous 2-MPZ has a reaction rate similar to aqueous piperazine, but both PZ and 2-
MPZ are in solid nature at room temperature. Like PZ, 2-MPZ can be used as an additive (low 
concentrations) to conventional solvents like MEA.MDEA and AMP. In view of recent trends to 
blend primary and secondary amines with tertiary amines, cyclic amines like 1-MPZ and 1-EPZ 
which  have higher reaction rate could be beneficial for bulk removal of CO2 from flue gases. 
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